Solid-state sintering was investigated in electroceramic samples using thermodilatometric measurements. The samples were studied in the isothermal regime at the temperatures 500, 600, 700, 800, 900, 1000 and 1050 °C. The relative expansion was measured for a period of 8 h. At a given temperature a dominant diffusion mechanism for the sintering process was determined, and the corresponding porosity together with the pore size distribution was also measured.
Introduction
Understanding of thermal behavior of ceramics, e.g., the densification and sintering process, the reaction kinetics, phase transitions, glaze development, can provide insights into its firing processes and the influence of additives and raw materials. Thermodilatometric analysis (TDA) is a very suitable and commonly used method for investigation of such processes in ceramics. In this paper we used the TDA to investigate one of these thermal processes, namely, sintering.
Sintering is a high-temperature technological process that transforms individual ceramic particles into a compact polycrystalline body. This process is widely used to fabricate bulk ceramic components [1, 2] . The driving force of the sintering process is an excess of the free energy associated with the large free surface of an agglomerate of fine powder particles. During solid-state sintering powder particles are welded to their neighbors, junctions between them are gradually increased with time, and the internal free surface of the powder compact is decreased [2, 3] . Sintering is accompanied by the vanishing of the porosity, which is connected with shrinkage of the sample measurable by dilatometer.
Sintering processes can be divided into two types: solid-state sintering and liquidphase sintering. For traditional kaolin-based ceramics, solid state sintering occurs when the powder compact is densified wholly in a solid state at the sintering temperature 600 -1000 °C, while liquid phase sintering occurs when a liquid phase is present in the powder compact during sintering at temperatures higher than 1050 °C [1, 2] .
The investigation of solid-state sintering in kaolin-based ceramics is complicated by the fact that, up to 650 °C, the sintering runs simultaneously with dehydroxylation. The latter is the phase transformation of kaolinite crystal into metakaolinite, starting at ∼450 °C. The thermal expansion terminates at the temperature ~900 °C, when the collapse of the metakaolinite lattice accompanied by rapid shrinkage appears. Identically, there is a steep increase of some mechanical properties (modulus of elasticity, mechanical strength) as the response to a faster solid state sintering and on the new structure rather than the defect and microporous metakaolinite [4] . This is due to improving the contacts between crystals as a consequence of the solid state sintering [2, 5] .
From the microscopic point of view, one may interpret shrinkage results using the standard two-spherical-particle model of initial stages of sintering introduced in [6] . There are only two possible sintering mechanisms that can contribute to the shrinkage: lattice (volume) diffusion of atoms from grain boundaries and grain boundary diffusion of atoms from grain boundaries. Their dependencies on time are given as [1] 
respectively, with
where D l and D b is the lattice and grain boundary diffusivity, respectively, δ b is the grain boundary diffusion thickness, γ s is the specific surface energy, Ω is the atomic (molecular) volume, k is the Boltzmann constant, T is the thermodynamic temperature, and a is the particle (grain) radius. The aim of the article is to observe the sintering with the help of the TDA during isothermal heating at different temperatures and to employ the standard two-spherical-particle model of initial stages of sintering to fit our experimental data.
Sample and measurement method
Green electroceramic samples were made from a mixture of kaolin (35.5 wt. %), Al 2 O 3 (35 wt. %), and feldspar (29.5 wt. %). The mixture was ground and sieved on a 100 mesh/mm 2 sieve and then a plastic material was prepared from this mixture. The cylindrical samples ∅12×50 mm were made with a laboratory extruder.
Since solid-state sintering and dehydroxylation run simultaneously between ∼600 °C and ∼650 °C, the samples were preheated at 490 °C for 44 h to reach a complete transformation of kaolinite into metakaolinite. This temperature is inside the dehydroxylation region but under the solid-state sintering region. The fact that dehydroxylation was completed in the preheated samples was tested by thermogravimetry. No changes of weight were observed above 400 °C. After 44 h the samples lost 5.1 % of their weight, which corresponds to an amount of constituent water in the green mixture.
Preheated samples were studied by thermodilatometry in the isothermal regime at the temperatures 500, 600, 700, 800, 900, 1000 and 1050 °C. The value of the highest temperature (1050 °C) ensures no creation of the liquid phase in the samples.
In this research, a push rod horizontal alumina dilatometer [7] was used for investigation of the low temperature stage of the sintering. The temperature in the dilatometer was increased linearly with the rate of 20 °C/min up to the temperature of the isothermal heating. The relative expansion of the sample was measured during 8 h. The measurements were repeated with fresh samples to confirm measured results.
The total porosity was calculated with the help of experimentally determined bulk density and matrix density. The bulk density was obtained by means of size and weight measurements of cylindrical samples. The matrix density was measured by the helium pycnometry (Pycnomatic ATC, Porotec). The pore size distribution was measured by the mercury intrusion porosimetry (Pascal 140+440, Thermo). This method detects only pores smaller than 100 μm in diameter. Hence, the porosity measured by the mercury porosimetry is lower than the total porosity.
Results and discussion
The results of thermodilatometry during the linear heating are depicted in Fig. 1 . It is generally accepted that dehydroxylation in the green ceramic sample begins at the temperature 420 -450 °C [8] . This process is accompanied by a sample contraction above 500 °C, which is a consequence of the transform of kaolinite into metakaolinite. In the case of pure kaolinite, the contraction continues up to 1050 °C [9] . The thermodilatometric curve of the green sample shows the contraction only up to 800 °C. The main reason of the expansion above 800 °C is that pure kaolin is not used, but 65 wt.% of the sample are expanding constituents (alumina and feldspar). In fact, the thermodilatometric curve is a sum of three curves, for feldspars, kaolin and alumina. At 850 -950 °C metakaolinite is replaced by a spinel phase [10] . The spinel phase then transforms into mullite above 1075 °C [11, 12] . Note that above ∼950 °C contraction of the sample occurs until 1050 °C (see Fig.1 ). Fig. 1 shows also the thermodilatometric curve of a sample which was thermally treated during 44 h at 490 °C (the black curve). As thermogravimetry confirmed, the sample does not contain constituent water. So, the contraction starting above 600 °C cannot be attributed to dehydroxylation. Rather, we attribute it to solid-state sintering. Similarly as for the green sample, two competing mechanisms take place. One of them is solid-state sintering, which leads to the contraction, and the other is thermal expansion of metakaolinite, feldspar, and alumina. The steep contraction starting above ∼950 °C is again due to collapse of the dehydroxylated phyllosilicate structure [13, 14] . Fig. 1 ) with the heating rate 20 °C/min. The isothermal heating (section S-E) started afterwards, at ∼52 min.
Fig. 2. Thermodilatometric curve for 1050 °C.
The results of thermodilatometry in the isothermal regime are presented in Figs. 3-5 . The time t = 0 corresponds to the point S in Fig. 2 . The results of thermodilatometric curves for isothermal heating at 500 -800 °C (see Figs. 3 and 4) show that the rule "the higher the temperature, the bigger the final contraction" need not obeyed. The result of sintering of the sample fired at 800 °C is too small because of the expansion of the ceramic components (alumina and feldspar). Nevertheless, the results of fired samples at 900, 1000, and 1050 °C show that the rule is valid in this temperature range. For temperatures higher than 1000 °C the contraction continued all the time and reached 2.5 %. Fig. 3 . Thermodilatometric curves for isothermal heatings at 500 °C, 600 °C.
We will now use the relations from Eq. (1) to find the best fits to the measured experimental data. First, we shall use the general formula
to estimate the power ν > 0 that best fits the experimental data on shrinkage to see whether ν is close to 1/2 (lattice diffusion) or 1/3 (grain boundary diffusion). This will allow us to conclude which of the two sintering mechanisms causing shrinkage is dominant or whether both mechanisms are significant and must be considered together.
Tab. I
The values of the parameters from Eq. (4) The results are given in Table I . One may observe that the power ν is either close to 1/2 (for the temperatures 500 °C, 600 °C, 900 °C, and 1050 °C) or to 1/3 (for the temperatures 700 °C, 800 °C, and 1000 °C). Thus, it follows that one of the sintering mechanisms is always dominant as far as shrinkage is concerned, while the other mechanism is insignificant. Therefore, when fitting the shrinkage experimental data by applying the relations from Eq.
(1), it is sufficient to consider only the dominant mechanism and use only the corresponding relation. Fig. 4 . Thermodilatometric curves for isothermal heatings at 700 °C, 800 °C and the corresponding theoretical fits.
For the temperatures 700 °C and 800 °C the dominant mechanism is grain boundary diffusion (see Table I ), so it is meaningful to employ the second relation in Eq. (1) to fit the experimental data in these cases. On the other hand, lattice diffusion is dominant for the temperatures 900 °C and 1050 °C (see Table I ), and it is meaningful to employ the first relation in Eq. (1). The results are summarized in Table II and the fitting curves are shown in Figs. 4 and 5. As should be expected, for a given temperature the value of the fitting parameter A or B is close to the value of the parameter C given for that temperature in Table I . Thus, at lower temperatures grain boundary diffusion is prevailing, while at higher temperatures lattice diffusion dominates. For 500 °C and 600 °C it is questionable whether solid-state sintering already occurs at these two temperatures, and hence the results from Table I, indicating that lattice diffusion is the sintering mechanism, could be impaired. Moreover, the collapse of the dehydroxylated phyllosilicate structure at ~950 °C [13, 14] necessarily influences the sintering process so that grain boundary diffusion need not be the correct sintering mechanism for 1000 °C, as Tables I and II show. Therefore, interpretation of the results is rather complex due to the fact that the studied material contains several components that behave differently in dependence on the temperature, thus causing different overall effects on the sample as a whole. After the thermodilatometric analysis we measured the porosity and pore size distributions. The obtained results in Fig. 6 show that the porosity of the samples increases up to the firing temperature of 900 °C. Then a mild decrease of the porosity occurs for the samples fired at 1000 °C followed by steep decrease of the porosity of samples fired at 1050 °C, the decrease in the porosity being 1.5 %. 7 . Pore size distribution of the fired samples at different temperature ( -the sample fired at 500 °C, + -the sample fired at 600 °C, ◊ -the sample fired at 700 °C, o -the sample fired at 800 °C, × -the sample fired at 900 °C).
Tab. II

Fig. 8.
Pore size distribution (Frequency curves corresponding to Fig. 7 ) of the fired samples at different temperature ( -the sample fired at 500 °C, + -the sample fired at 600 °C, ◊ -the sample fired at 700 °C, o -the sample fired at 800 °C, × -the sample fired at 900 °C). 
Conclusions
Thermodilatometric analysis of fully dehydroxylated samples was used for the studying of solid-state sintering in the ceramic material used for industrial production of the high-voltage insulators. The results showed that solid-state sintering above 500 °C does not lead unambiguously to the rule "the higher the temperature, the larger the final contraction," mainly at the lower temperatures. It is an outcome of the complexity of the tested material and processes occurring in it. For the temperatures 500 °C -800 °C only a small contraction (0.15 -0.20 %) was observed and after 4 h the samples became stabilized. For temperatures higher than 1000 °C contraction continued all the time and reached 2.5 %.
Using our experimental data, we found that a different sintering mechanism is dominant (as far as shrinkage is concerned) for different temperatures. For 700 °C and 800 °C the dominant mechanism is grain boundary diffusion of atoms from grain boundaries (the shrinkage vs. time curve behaves as t 1/3 ), while for 900 °C and 1050 °C it is lattice (volume) diffusion of atoms from grain boundaries (the shrinkage vs. time curve behaves as t 1/2 ). Finally, we found out that the porosity increased up to 900 °C and then it rapidly decreased. The pore size remained almost unchanged up to 900 °C and it slightly increased afterwards.
